Introduction
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This paper significantly extends a previous study of the ionic conductivities at temperatures between 20 -80°C of radiationgrafted alkaline anion-exchange membranes (AAEM), the OH demonstrated with these fully hydrated AAEMs (84 ± 2 μm thick), which correspond to 20% of the 0.104 ± 0.008 S cm -1 achieved with fully hydrated Nafion-115 PEM (153 ± 3 μm thick, λ = 24 ± 2) at 50°C; therefore thinner membranes are mandatory for the AAEMs to minimise 45 absolute resistances. c) The empirical activation energies for the AAEMs in the range 20 -95°C, measured from empirical Arrhenius plots, are double those found for Nafion-115 (12.6 ± 0.6 kJ mol -1 and 6.0 ± 0.8 kJ mol -1 respectively); therefore maximising 50 the operating temperature of these AAEMs (i.e. improving thermal stability) will reduce the gap between the conductivities of AAEMs and Nafion PEMs. This type of AAEM is of considerable interest in the field of fuel cells; a recent review describes in detail the advantages 55 and disadvantages of this application of AAEM electrolytes 2 and so, for conciseness, these details will not be repeated. A significant problem with the above FEP-based AAEMs is the lack of physical strength; they tear easily and demonstrate critically poor durability when assembled in fuel cells. 60 Subsequent breakthroughs in radiation-grafted AAEM technology and membrane electrode assembly fabrication (development of a novel alkaline electrode interface polymer), relevant to application in fuel cells, have been reported in two recent communications. 3,4 65 This article details the effect of relative humidity (RH) on ionic conductivities, water uptake properties and stability against excessive swelling of a variety of AAEMs at a temperature of 30°C; this includes measurements on a recently developed class of AAEM based on poly(ethylene-humidities of the fuel and oxidant gases in H 2 /air fuel cells are critically important operational parameters.
Materials and methods
80
Synthesis of alkaline anion-exchange membranes
The synthetic protocol for radiation-grafted AAEMs has been described in detail in reference 1 where m g is the mass of grafted sample and m i is the initial 100 mass of the irradiated films. These intermediate membranes were subsequently submerged in aqueous trimethylamine (Acros, 50% by mass) for 4 h to yield the desired quaternary ammonium exchange sites. After washing several times in water the resulting 105 hydrophilic membranes (now as chloride-forms) were boiled in water for 1 h (to remove residual trimethylamine and to fully hydrate the membranes) and finally washed in water several more times. Final conversion to the alkaline-forms was conducted as follows: the membranes were submerged in 110 aqueous potassium hydroxide (Fisher Scientific, 1.0 mol dm -3 , at least 10 times excess) for 1 h with two changes of potassium hydroxide solution during this period to ensure complete ion-exchange (important to obtain maximum ionexchange capacities). The resulting AAEMs were then soaked 115 in water to remove any lingering / occluded potassium hydroxide species. The desired radiation-grafted AAEMs "assynthesised" were stored in water until required and were not allowed to dry out at any point before measurements were conducted.
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Nafion-115 was evaluated for benchmarking purposes and also to allow a link to previous conductivity and water uptake work in the literature. Nafion ® -115 was subjected to the standard hydrogen peroxide and sulfuric acid pre-treatment before use. 5 A thicker commercial quaternary ammonium type 125 AAEM was also evaluated; the physical properties of this AAEM, which is of comparable thickness to Nafion-115 when both are fully hydrated, have been previously reported in detail. 6 This AAEM also contains additional cross-linking (undisclosed proprietary information). Despite the lack of 130 synthetic and chemical details regarding this ionomer, its inclusion in this study yields interesting and corroboratory information relating to conductivities and water uptakes (see Sections 3.3 and 3.4). Ion-exchange of this membrane to the alkaline form from the supplied Cl --form was conducted using 
Determination of physical properties at each RH
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The thicknesses (determined using an outside micrometer of 2 μm precision), areas, and masses of multiple samples of each membrane were recorded after equilibration for at least 7 days over either water, constant humidity solutions or a desiccant (Table 1) 7 in sealed desiccators that had been placed in an 145 oven set to 30 ± 1°C. Before these measurements were conducted the same properties were determined using the same samples but in the fully hydrated, labelled FH, form (i.e. "as-synthesised": immediately after the water soaking / washing treatment that followed the aqueous KOH ion-150 exchange procedure). The re-hydrated properties were recorded when the fully dehydrated membranes (7 days over anhydrous CaCl 2 (s)) were equilibrated in a RH=100% atmosphere for at least 7 days. All errors in this study relate to one sample standard deviation for multiple measurements 155 over different samples of the same membranes. The water uptakes for each membrane at each RH, WU RH , were calculated using:
where m RH is the mass at each RH and m 0% is the mass of the fully dehydrated membrane samples. The area increases, 
Measurement of conductivities
The method for measuring the normal (through membrane) conductivities followed the impedance spectroscopy approach recently reported by Pozio et al.. assembly submersed in a beaker of water at controlled temperature so that all of the MEA was submerged; the gold jack plug (for electrical connection) were kept outside of the water. 1 The conductivities in the RH=100% to RH=33% range 215 were conducted with the cell assembly suspended above (not in) the constant humidity solutions. RH=0% measurements were conducted with the cell assembly suspended above anhydrous CaCl 2 (s); however, at RH=0%, with this cell design, the resistances and capacitances of all of the AAEM 220 samples were such that it was not possible to measure the membrane resistances/conductivities with any confidence in the frequency range available on the instruments. Impedance spectra were recorded between frequencies f = 1 MHz -1 Hz (7 steps per decade), 50 mV root mean squared voltage 225 perturbation, and integration of the responses over 10 cycles. R tot (the sum of the membrane, R mem , and cell resistance, R cell ) was taken as the intercept with the x-axis (see Figure 2 in Reference 1). R cell was determined by impedance measurements for a blank cell containing two ELAT A-6 230 electrodes pressed together in an identical manner to that described above (no membrane therefore forming an electrical short circuit). Nafion-115 MEAs were prepared in a similar manner to that above, with the following slight modifications: the MEAs were pressed at 135°C for 3 min and the MEAs 235 were boiled in water for 2 h after preparation to ensure the expanded form was recovered after the hot pressing; 5 this procedure was deliberately adopted to allow comparison with literature data. These acidic benchmark MEAs were also stored in water until required for impedance spectroscopy. 
Nafion-115: Selected physical properties at 30°C
The values of WU, t inc , A inc , θ, λ, and ρ for all ionomers are presented in Fig. 1(a-d) are presented in Table 2 . The thickness of Nafion-115 250 decreased from 153 ± 3 μm when fully hydrated to 148 ± 3 μm at RH=100% and then further reduced to 121 ± 3 μm at RH=0%; these values compare well with literature values (at room temperature) of 149 ± 9 μm when fully hydrated and 124 ± 2 μm when fully dehydrated. 5 The thickness only 255 recovered to 140 ± 3 μm when re-hydrated at RH=100% (Table 3) . This is consistent with current wisdom in that the ionic cluster/channel nanostructure of Nafion membranes can only be re-formed on treatment in water at temperatures around 80°C; 11 hence, re-hydrating at RH=100% and 30°C 260 from fully dehydrated will yield a membrane with intrinsically different properties than a Nafion PEM that has been equilibrated at RH=100% directly from the fully hydrated, expanded, form. This behaviour pattern is observed for Nafion for all of the 265 properties investigated in this study. For example, the WU values decreased from 40 ± 2 % when fully hydrated (literature value 39 ± 2) 5 to 29 ± 2 at RH=100%, whilst the water content, λ, decreased from 24 ± 2 water molecules per Fig. 1 The effect of relative humidity (RH) at 30°C on selected physical properties (see Section 2.2) for Nafion-115 (▼), AAEM-F ( ), AAEM-E ( ), and AAEM-C ( ). FH = fully hydrated and R = rehydrated after complete dehydration. at RH=100%. However the values for WU and λ on rehydration from fully dehydrated to RH=100% did not recover fully (20 ± 2 % and 12 ± 1 respectively, see Table 3 for more comprehensive data). that the methodologies adopted in this paper are reproducing previous data for Nafion-115.
CREATED USING THE RSC ARTICLE TEMPLATE (VER. 2.1) -SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS
Nafion-115: Conductivities at 30°C
The values of σ observed as functions of RH and λ are presented in Fig. 2(a-d) . The first notable observation is that most literature values are for Nafion-117; there is increasing evidence in the literature that the conductivity of Nafion is a function of membrane thickness (as well as the equivalent weight as expected). 5,16 On rehydration to RH=100%, the conductivity does not fully recover with some Nafion-115 310 samples, whilst recovery is observed to be complete for other samples (as can be seen from the large value of sample standard deviation in Table 3 ); therefore no firm conclusions about this can be made without additional measurements.
AAEMs: Selected physical properties at 30°C
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All relevant properties are presented in Fig. 1 and Table 2 and  3 . As anticipated, the crosslinked AAEM-C exhibited lower levels of water uptake and swelling at higher humidities than the non-crosslinked AAEMs and Nafion-115 PEM as can be seen from the WU, λ, t, t inc , A inc , and θ measurements; this is a 320 desirable trait as long as the added crosslinking does not decrease membrane conductivity (see Section 3.4). Within margins of error, the water uptake properties of AAEM-E, AAEM-F, and Nafion-115 cannot be clearly differentiated when submerged in water (fully hydrated forms). However,
325
AAEM-F and AAEM-E show a trend towards higher water content (λ and WU) between RH=75 and RH=100% compared to Nafion-115. When fully hydrated, AAEM-F swells to a larger degree than Nafion-115 in term of thickness (t inc ) but to a lesser extent in terms of area (A inc ) at higher humidities; as a 330 result, the volume increase parameter θ is similar for both membranes at RH=100% and when fully hydrated. The thickness increase parameter for AAEM-E is similar to Nafion-115 when both are submerged in water but A inc (and therefore θ) is considerably less. Therefore, all of the AAEMs 335
show improved area-dimensional-stability compared to Nafion-115 at the highest hydration levels. At intermediate humidity levels, differences in A inc , t inc and θ between the ionomers are not discernible (within margins of error), with the possible exception of greater area and volume increases 340 for AAEM-E. As anticipated, the densities for all membranes increase on dehydration. Nafion-115 has the highest density as it is a sulfonated fully fluorinated membrane with no C-H bonds. The AAEM-F is less dense: even though the precursor FEP is 345 fully fluorinated, the grafting of VBC and subsequent amination introduces C-H bonds into the membrane. AAEM-E is less dense again as the ratio of C-H/C-F bonds is further increased (the ETFE precursor is only partially fluorinated). The crosslinked AAEM-C exhibits similar densities (within 350 measurement precision) to AAEM-E indicating a comparable ratio of C-H to C-F bonds.
All three AAEMs studies show good recovery of their properties on rehydration to RH=100% (Table 3) ; recovery of volume and water content was significantly improved 355 compared to Nafion-115. Table 3 The percentage of selected properties recovered on re-hydration at RH=100% for 7 days following full dehydration (RH=0%, 7 days) from an initial RH=100% humidified state. 
AAEMs: Conductivities at 30°C
When comparing the relationships between conductivity and humidity ( Fig. 2) , it is clear that all AAEMs behaved in a similar manner between RH=33 and RH=100% with AAEM-F 360 exhibiting the best conductivities in this intermediate humidity range. However, as mentioned above, FEP-based AAEMs are physically brittle, unlike the ETFE analogues, and cannot currently be safely used in fuel cells. 17 The conductivities of the AAEMs could not be determined at 365 RH=0% due to limitations in instrumentation (as described in Section 2.3). When immersed in water both AAEM-C and -E showed significantly improved conductivities compared to AAEM-F (0.033 ± 0.002, 0.030 ± 0.005 and 0.017 ± 0.001 S cm -1 respectively); these two low density AAEMs with 370 restricted dimensional changes showed an impressive 32 -35% of the conductivity exhibited by Nafion-115 when fully hydrated. The unusual behaviour of the two low density AAEMs when fully hydrated can clearly be seen in the plot of σ 30 vs. λ (Fig. 2d) ; the sharp increase in conductivity when these solid ionomers is not due to a concentration effect as the concentration of the conductive species for all ionomers are similar (Table 2) . Hence, it has been established that the conductivities in these AAEMs are controlled by the ion mobilities; this is in line with diffusion coefficient arguments 390 presented by Agel et al. 18 The OH -mobilities in the low Fig. 2 The relationship between conductivity, relative humidity and ionomer water content for Nafion-115 (▼), AAEM-F ( ), AAEM-E ( ), and AAEM-C ( ).FH = fully hydrated and R = rehydrated after complete dehydration. %σ FH,30 is the ratio of the conductivities at each RH compared to the conductivity at full hydration. The empirical σ(λ) relationship for Nafion-117 is given in equation 11. ] [ ] [
density AAEMs (E and C) are similar, whilst the mobility of this conductive species in AAEM-F is tentatively lower.
Comparision to previous literature
There is a range of different anion-exchange membranes in 395 the literature; these are are either being developed for, or are suitable for, application in alkaline membrane fuel cells. An ammonium-type commercial anion-exchange membrane (AHA, Tokuyama, Japan: 240 μm in thickness in Cl -anion form, IEC = 1. in fuel cells, however, requires more thorough investigationwould the incorporated KOH species remain in the ionomer when used in fuel cells where liquid water can be present? The manifest lack of conductivity data to date regarding metal-cation-free AAEMs clearly justifies the approach 440 described in this article; this is especially true for data at reduced humidities.
Implications for application of AAEMs in fuel cells
The low conductivities under reduced relative humidity conditions are evident from Fig. 3 aqueous alcohol solutions at the anode, the issue of poor conductivity at low humidities is negated. The permeability of alcohols through the ionomer is now an important consideration. AAEM-E and AAEM-C have been shown to exhibit significantly reduced methanol permeabilities 490 compared to Nafion-115; 17, 6 this demonstrates the applicability of these membranes in direct alcohol fuel cells. 3 Caution is required in determining the activation energies for ion conduction in ionomers at lower humidities when 530 using constant humidity (saturated salt) solutions. This is because the humidity above such salt solutions is a function of temperature (this function varies with salt species). Sudden changes in temperature will also cause transient drops in humidity as the atmosphere above the solutions heat up faster 535 than the solutions themselves, which could cause some additional ionomer dehydration. Hence only tentative estimations of activation energies are reported. As expected, the activation energies of all ionomers increased at lowered humidities (ionic transport is restricted with reduced water 540 contents). In the range RH=33 -52%, activation energies of 21 -32 kJ mol -1 were observed for the AAEMs and 7 -13 kJ mol -1 were observed for Nafion-115. A better experimental methodology is clearly required; a new cell for future conductivity studies with flowing nitrogen of controlled 545 humidity is therefore being designed in order that more accurate determinations of activation energies at low RH can be achieved.
Conclusions
The ETFE-based alkaline anion-exchange membrane (AAEM) 550 exhibited reduced physical swelling than both FEP-based AAEMs and Nafion-115 proton-exchange membrane at 30°C when fully hydrated; this is desirable for application in polymer-based low temperature fuel cells. 
